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The paper estimates an irrigation water demand function using disaggregate 
climate and well data over a 33 year time period. Aggregating climate information 
over long periods, like a year, causes a loss of detail on temporal climatic variation, 
while aggregating climate information over space causes a loss of detail on spatial 
variation. This analysis uses disaggregate climate variation at a temporospatial level 
to determine the effects of climate on groundwater use. Results show that increased 
heat, measured in cooling degree-days, correlates with increased water use, while 
increased precipitation correlates with decreased water use. However, the effects 
are generally magnified for later summer months, and are lower at the beginning 
and end of the growing season – with a few exceptions. Soil type effects 
groundwater demand for July in particular, and has a ubiquitous effect at the 
marginal level. Other economic and physical variables were controlled for in the 
analysis. Using NOAA climate scenarios, which depict climate under increased 
carbon dioxide for three time periods in the future, we perform an ex-ante analysis 
using the coefficients derived from our model to determine future irrigation 
demand. In both high- and low-emissions scenarios, irrigation demand increases. 
The water increases derived in the forecast range from 10 – 15% from the average 
in earlier years, to as much as 27% in later years.
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CHAPTER 1: INTRODUCTION 
  Earth’s natural cycles of drought, in which typical rainfall deviates to lower 
than normal levels for a period of time, can have tremendous consequences for 
economies, societies, and ecosystems. In the Great Plains, a vast swath of semi-arid 
prairie land that extends from Texas to southern Manitoba and Saskatchewan, 
drought is a regular occurrence. During one of the more severe drought events in 
recent collective memory, famously known as the Dust Bowl, a combination of high 
wind and low precipitation stripped top soil from farms and left an area of roughly 
1,200 square miles economically devastated (Wishart, 2011). The Southern Great 
Plains affected by the Dust Bowl saw tremendous out-migration, famine, and 
hardship. The author John Steinbeck captured this exodus in his celebrated novel 
The Grapes of Wrath. 
 Today, soil conservation practices and modern irrigation technology mitigate 
most of the problems producers of the 1930’s Dust Bowl faced. Drought has not had 
such a tremendous impact in the region since, but its reoccurrence still has costly 
implications for American producers. The most recent drought in 2012 saw crops 
wither, in some areas to near-complete crop failure, and the cost of livestock inputs 
soar. The outlook was not unanimously poor among producers though. Nebraskan 
producers who had their corn and soybeans under irrigation saw crops in generally 
good condition despite the drought (Johnson, 2012). Irrigation, which mitigated the 
worst impact of the 2012 drought, brought those farmers high profits in a region 
otherwise suffering economically. 
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 Nebraska has the highest number of irrigated acres than any other state, at 
8.5 million irrigated acres. This is a product of the region’s pervasive semi-arid 
climate, the presence of one of the largest freshwater aquifers in the world, and 
generally fertile soil conducive to farming. There is considerable variation in 
precipitation across Nebraska. Nebraska straddles a climate zone that transitions 
from relatively humid and wet, averaging 36 inches of precipitation in the 
southeastern portion of the state, to arid, where average rainfall hovers around 13 
inches per year in the western portion of the state.1  This 23-inch difference occurs 
within 415 miles, from the eastern border to the western border, which causes 
heterogeneous climate patterns across the state. To put this in perspective, the three 
state corn-growing region of Indiana, Illinois, and Iowa have an average 
precipitation difference of 7.7 inches across almost 600 miles (NCDC, 2013). In 
Nebraska from east to west there is an inch of precipitation lost every 18 miles; for 
Indiana, Illinois, and Iowa, going from east to west, there is an inch of precipitation 
lost every 78 miles. This heterogeneity makes Nebraska an excellent location to 
study agricultural production and irrigation use across a range of climate and 
precipitation conditions. 
 The presence of the Ogallala aquifer, also known as the High Plains aquifer, is 
a substantial boon to the agricultural industry in Nebraska. Without the aquifer, 
high-value, water-intensive crops like corn could not be grown in much of the 
western part of the state. 90 percent of irrigation water in Nebraska comes from 
groundwater, with over 70 percent of all agricultural output coming from irrigated 
                                                        
1 http://www.nrdc.org/water/readiness/files/water-readiness-NE.pdf 
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acres, despite irrigated acres comprising only 40 percent of total cropland by acre.2  
Groundwater irrigation is central to Nebraska’s agricultural output, but the aquifer 
that supplies it is finite and relatively fragile. The United States Geological Survey 
estimates annual groundwater withdrawals for irrigation fluctuate around 19 
million acre-feet, of which 45 percent was withdrawn by Nebraska, and 15 percent 
was withdrawn by Kansas in 2002.3  The aquifer is also considered overdrawn. This 
is attributed to a “common pool” dilemma recognized in economic theory and 
commonly known as the tragedy of the commons (Hornbeck & Keskin, 2011). In the 
specific case of groundwater, legal and hydrologic structuring has made it so 
individual water users do not pay the externalities of withdrawal. This is especially 
apparent in Texas, Oklahoma, and Kansas where aquifer levels have declined 100 to 
250 feet in the 60 years since groundwater pumping became omnipresent. 
Republican River Compact 
 Nebraska has not experienced such precipitous declines, in part due to a 
history of regulation, especially in the groundwater-reliant southwest. The 
southwestern part of the state, covering a watershed known as the Republican River 
Basin, is generally arid but fertile and agriculture in the region was traditionally fed 
by the Republican River. The Republican River’s headwaters begin in the plains of 
northeastern Colorado, flow through several counties in southwest Nebraska and 
                                                        
2 http://www.nrdc.org/water/readiness/files/water-readiness-NE.pdf 
3 http://ne.water.usgs.gov/ogw/hpwlms/physsett.html 
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northwest Kansas before ultimately ending in the Kansas River; it is a three-state 
tributary to the Kansas River, which eventually joins the Missouri River to the east.4  
 Surface irrigation in the region started en masse in 1902, when the 
Reclamation Act was ratified in congress. This act allowed congress to bypass the 
traditional status quo in which water development was typically a private affair and 
expand development of water resources with public funds (Grant et al., 2010). The 
Department of the Interior began financing or constructing surface water projects, 
including dams and reservoirs, to help open up land for further development. The 
Reclamation Act was followed up thirty-seven years later by the Reclamation 
Project Act of 1939, which restructured some financial issues and laid the 
foundation for the modern Great Plains agricultural state. 
 Different laws in the United States govern groundwater and surface water. 
This fragmentation is an archaic legal leftover from the settlement period when the 
two systems were thought to be independent (Grant et al., 2010). One powerful 
impact of the schism in the legal system for groundwater and surface water is the 
difference in governing appropriations. For surface water, reasonable use or natural 
flow rights and the principle of “first in time, first in right” were the primary legal 
tools in allocating water. These essentially stated that all water users with land 
abutting a watercourse had the right to use the water. The “first in time, first in 
right” framework was developed to solve disputes over water usage. In these cases, 
the user who was chronologically the senior rights holder had legal precedent over 
the junior rights holder. 
                                                        
4 
http://www.urnrd.org/SustainabilitySteps%20with%20header%20(2)%20(2).pdf 
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 With groundwater users, seniority holds no legal precedence in many states. 
Any shortfalls in water levels are solved by different means. A common view of how 
to legally treat groundwater is to treat it like any mineral found in the earth. This is 
known as the absolute ownership doctrine, and stems from old common law 
doctrine in which a landowner absolutely owns everything above and below his or 
her land. While this is physically and scientifically sensible for minerals, which do 
not move at appreciable rates, it does not accurately capture the nature of 
groundwater as a subterranean entity. 
 In 1943, congressional and presidential approval thrust the Republican River 
Compact into motion, tying the states of Kansas, Colorado, and Nebraska together 
over allocations of water from the Republican River. The compact resolves the 
allocation of surface water from each tributary, allowing each state a certain 
number of acre/feet per year based on the amount of water in the state. The goals of 
the compact were to equitably divide the waters and remove controversy 
surrounding consumptive use. The compact was intended to promote interstate 
comity and flood control, and maintain efficient use of the water in the basin. 
Nebraska is allocated 49 percent of the water in the river, Kansas is allocated 40 
percent, and Colorado is allocated 11 percent. The compact is structured along the 
proportional allocation framework of equitable apportionment.5  
 Then, at the dawn of modern groundwater pumping in the 1950s, the use of 
the Ogallala aquifer made the distance from public works water projects born from 
the Reclamation Act of 1902 and the Reclamation Project Act of 1939 irrelevant, or 
                                                        
5 Kansas-Nebraska-Colorado Republican River Compact 1943 K.S.A. 82a-518 
  
 
6 
at least less necessary; irrigated acres could be watered from a well, drilled 
anywhere the aquifer was accessible. Location close to a river or public water 
project was no longer a requirement for substantial irrigated agriculture. However, 
the compact came into being before modern comprehensive modeling had been 
done on the region’s hydrology. The connection between groundwater and surface 
water wasn’t yet well understood, so Nebraska irrigators in the Republican River 
Basin, like in the Upper Republican Natural Resource District, pumped ground water 
without taking into account the river basin. This water is, in many places, 
hydraulically connected to the tributaries and major arteries that comprise the 
Republican River. 
 In 1998, Kansas sued Nebraska for violation of the Republican River Compact 
under the grounds that well pumping was reducing stream flow volume in the 
Republican River and thus taking a greater share of stream water than Nebraska 
was originally appropriated. The argument used new findings about hydraulically 
connected groundwater. In the area, most, if not all, streams are known as “gaining 
streams.” This means groundwater supplements the quantity of water found in the 
streams because the water table in some cases is higher than the ground. The 
Supreme Court of the United States agreed that “streamflow, which the Compact 
fully allocates, comes from both surface runoff and groundwater discharge”, 
although groundwater is never mentioned in the compact itself.6  
One outcome of the 1998 lawsuit is a moratorium on new wells within a 
certain distance of the river. The region of the moratorium is upstream of Guide 
                                                        
6 Kansas v. Nebraska and Colorado No. 126. Supreme Court of the United States. 30 
June 2009. 
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Rock, which is most of the river in Nebraska. This signifies that the river and its 
tributary groundwater is fully appropriated or even over appropriated. That is, no 
more water can be pumped without harming current users. This moratorium is 
accompanied by better accounting methods for the virgin water supply. The new 
calculation is based on a five year rolling average, which will naturally account for 
changes in climate. The five year running average will also account for changes in 
consumptive use, measuring areas converted to dryland farming as land becomes 
too arid to farm or water is bought for use on other irrigated acres. This new 
calculation provides some needed flexibility in an area with a fair amount of climate 
variability, especially droughts like the one experienced in 2012. By calculating less 
water in an area, the proportional allocations can more closely follow variations in 
natural streamflow. 
Upper Republican Natural Resource District 
 The study site represented in this thesis is known collectively as the Upper 
Republican Natural Resource District (URNRD) (Image 1), which is comprised of 
three counties in southwest Nebraska (Chase, Perkins, and Dundee). Nebraska’s 
system of Natural Resource Districts is unique in that each district elects a local 
board to manage erosion and groundwater issues, involving members of the 
community to meet natural resource challenges. The URNRD covers the first stretch 
of the Republican River as it enters Nebraska from Colorado and Kansas. Average 
rainfall in these three counties between March and October is approximately 17 
inches; water-intensive corn requires about 26 inches of water from its earliest 
growth stage until it is harvested (Kranz et al., 2008). 
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 The URNRD is responsible for monitoring and managing groundwater 
resources in the three counties. They achieve this by certifying irrigation acreage 
and assigning groundwater-pumping limits, which they have monitored on an 
annual basis since 1980 via meters. The Republican River Basin is the only basin in 
the state to have all high capacity irrigation wells metered.7 Today, the URNRD 
limits groundwater withdrawals to an average of 13 acre-inches per acre over a 
five-year allocation period. This allows producers to use more water in drought 
years, while conserving water in wet years. While the URNRD has occasionally 
permitted irrigation use over this limit, the meters are monitored and recorded 
annually. The consequence of overuse after a five-year period is a reduction of 
allocated water by the amount overdrawn in the previous allocation period. Legal 
action or a loss of irrigation rights may be taken at the discretion of the Natural 
Resource District in extenuating circumstances, such as cases where an irrigator 
deliberately bypasses the meter. 
Motivation 
 Uncertainty surrounding annual and intraseasonal variability in weather is 
one of the primary risks agricultural producers in the URNRD face. The availability 
of 33 years of annual groundwater withdrawal data in this semi-arid region prone to 
drought presents a unique opportunity to empirically evaluate how climate 
influences groundwater withdrawals for irrigation. Critical analysis of irrigation 
water demand that incorporates local heterogeneity in land characteristics and 
                                                        
7 
http://www.urnrd.org/SustainabilitySteps%20with%20header%20(2)%20(2).pdf 
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climate conditions is necessary for future water management in this region, 
particularly because of the rapid climate differences from east to west. Producers 
will use more groundwater when it is hot or dry. However, because drought may 
occur at different times of the year and crops have different needs and sensitivities 
throughout their lifecycle, not all dry and hot conditions are expected to be the 
same. This is lost in models that aggregate climate data by year or season. The 
model presented in this thesis addresses this issue in an effort to better understand 
how the pressures on Great Plains agriculture are expected to change and how the 
subsequent demand for groundwater will shift.
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1.1 Objectives 
The objective of this research is to estimate groundwater demand for irrigation 
using disaggregated climate and well data for 3,158 wells in Chase, Dundy, and 
Perkins counties. The disaggregation in this study is over both space and time, 
which allows us to capture heterogeneity between wells across the three counties as 
well as intraseasonal effects between months. This high-resolution analysis is 
intended to avoid the pitfalls of aggregation, which blurs the relationship between 
the effects of weather and the changing input needs of the crop over time. The 
results from this model will be important for determining localized effects of 
climate, and for determining the ex-ante impact of a changing climate in the Great 
Plains on future groundwater use. 
1.2 Organization 
The following thesis presents the reader with the research problem in the 
following logic: an outline of the introduction, motivation, and background in 
Chapter 1; a look at previous relevant literature that examines the effects of climate 
on groundwater demand in Chapter 2; a presentation of the data and methods 
employed in the research, including the empirical and economic models central to 
the analysis in Chapter 3; a section on the results from the research and a discussion 
on their impacts in Chapter 4; a projection of the results from an ex-ante analysis on 
possible future water use scenarios in Chapter 5; and a conclusion on the study as a 
whole in Chapter 6.
  
 
11
CHAPTER 2: LITERATURE REVIEW 
The previous literature on the effects of climate on groundwater demand 
covers an extensive level of scale. Whether the analysis is local, regional, or global, 
each study makes assumptions about the level of aggregation appropriate to its 
analysis. Literature on water use in the Great Plains region of the United States is 
abundant because of the unique combination of physical factors that make up the 
region. Of those factors, the Ogallala Aquifer may be the most profoundly 
transformative resource to the economics and demographics of the area. As of May 
2013, there were 1.1 million irrigated acres in the Republican River Basin. Virtually 
all of these acres are irrigated by groundwater, pumped from the Ogallala aquifer 
hundreds of feet below the surface. This is a pattern typical of areas in the Great 
Plains with access to the Ogallala Aquifer. 
While agronomic research can provide guidelines about crop-water 
requirements, it is understood that individual producers vary in how much 
irrigation water they apply. Understanding how producers adjust irrigation water 
use under a range of market and climate conditions is critical for long-term 
management of water resources. Observed irrigation use between producers is not 
uniform, even within counties. Heterogeneity in both the physical environment, 
such as soil type, crop type, pumping capacity (in groundwater-dependent systems), 
and irrigation efficiency, and in temporospatial climatic variation, such as 
precipitation and temperature, presents producers with an array of individualized 
challenges. Market conditions such as input and output prices affect individual use 
of water for all irrigators. Specifically, for groundwater irrigators, exogenous 
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variables like the fuel cost associated with pumping groundwater also factor into 
the decision about groundwater use. 
Hornbeck and Keskin (2011) examine how the aquifer, with the advent of 
engines adapted to groundwater pumps, changed the entire landscape of the Great 
Plains and the economics of the region. As producers gain access to groundwater, 
they are able to switch to water-intensive crops, notably corn, which, in the short-
run, decreases crop sensitivity to drought. This switch captures increased 
groundwater use on the intensive margin. In the long run, the study relaxes land 
allocation restraints allowing producers to increase acreage of water-intensive 
crops on the extensive margin. Here, the study finds an increase in water availability 
increases the sensitivity to drought, since water per-acre remains unchanged, but 
the number of acres irrigated increases, straining water resources.  
When comparing counties over the Ogallala and counties just outside of it, 
Hornbeck and Keskin find a substantially higher number of irrigated acres and a 
higher percentage of county land under production in Ogallala counties than in 
similar counties without access to the Ogallala. This trend was not the case before 
1952, the year the center pivot was patented. Between 1952 and 1964, irrigated 
acreage of corn and wheat increased, but total acreage did not, reflecting the short-
term increase on the intensive margin. After 1964, corn production increased in 
total acreage and irrigated acreage, while wheat production fell in terms of total 
acreage. Additionally, some counties have lost access to the Ogallala by exhausting 
the supply through overdraft, which increases the drought sensitivity of the crops 
and which the authors predict will eventually lead to land-use changes away from 
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water-intensive production. While in the short-run, the Ogallala Aquifer 
substantially mitigated drought, in the long run the Ogallala largely lost its beneficial 
effect on corn yields during drought. 
In the URNRD, the ability to mitigate drought may be preserved longer than 
in other similar counties. The Republican River Basin NRDs estimate that they have 
experienced half the groundwater declines felt in Kansas or Texas, and 80 percent 
less than the United States Geological Survey predicted in the 1970s. They attribute 
this difference to their strict regulations governing groundwater withdrawals, 
which lowers the amount producers are allowed to pump, in addition to temporary 
land retirement initiatives and a moratorium on new wells.8 However, as climate 
change continues and rainfall decreases, widespread irrigation should not be 
thought of as a drought-mitigation strategy for water-intensive crops. 
2.1 Analytical Methods: Global Simulations of Irrigation Demand 
 The relationship between climate and irrigation is intuitive because plants 
are biologically responsive to the environment around them. When we remove 
plants from the climate they originated from, their survival depends on artificially 
augmenting the inputs they need, such as applying water through irrigation. 
Because this is relatively expensive to do and climate can exacerbate the cost, 
economists are historically drawn to looking at the effects of climate on agriculture. 
Drought is of special interest to economists studying water resources 
because nearly 90% of water c[onsumed in the world is for irrigation purposes and 
                                                        
8 
http://www.urnrd.org/SustainabilitySteps%20with%20header%20(2)%20(2).pdf 
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expected drought trends will continue to increase demand for irrigation water 
(Siebert et al., 2010). This will impose significant costs on agricultural producers, 
potentially raising the cost of food worldwide. Estimating expected irrigation use 
from climate changes at a global scale is both important and difficult, largely 
because of the complexity involved in modeling at such a large scale. By using a 
global irrigation model (GIM), Döll (2002) estimates the changes in irrigation 
requirements of the acres being irrigated in 1995 across the globe from climate 
change. By using global climate models (GCMs) to project climate scenarios in 2020 
and 2070, Döll is able to estimate the biological water requirements for crops at a 
resolution of 0.5° by 0.5° raster cells. Climate data in this study is measured through 
three key variables: evapotranspiration rates, temperature, and precipitation. 
Additional climate information included number of days of sunshine or number of 
“wet days.” These climate variables are based on roughly 100 years of time series 
data, except for number of sunny days, of which have only 30 years of data available. 
This analysis does not capture irrigation efficiency, land use changes, differences in 
irrigated acres, etc; instead it works by calculating the total amount of water to be 
applied to make up for evapotranspiration differences and still achieve optimal crop 
yields. Additionally, it distinguishes only between rice crops and non-rice crops, 
mostly due to a lack of temporospatial global data. 
What the analysis put forth by Döll found can be summarized in a two-fold 
long-term affect from climate change. First, optimal cropping patterns and growing 
seasons are expected to change as early as 2020. 10 percent of cells are expected to 
see changes in optimal crop patterns, while the growing season changes nearly 
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universally, often due to warmer winters. Secondly, the author found net irrigation 
requirements are substantially affected, especially in already hot and dry areas such 
as Northern Africa where net irrigation is expected to increase. Of special interest to 
this thesis, crop lands north of 40° N (which includes the state of Nebraska) may see 
their irrigation requirements increase by as much as 30% due to a decrease in 
rainfall during the growing season. By 2070, irrigation demands from climate 
change are expected to increase in magnitude from the 2020 scenario. Overall, 66% 
of 1995 irrigated acres are expected to have increased irrigation requirements by 
2020. The Mississippi Basin will see a 15% increase in irrigation demand by 2020 
and by 13% by 2070. 
Döll admits a high degree of uncertainty in this approach. The GCMs have 
generally low spatial resolution and rely on estimating climate using historical data 
and climate simulations, which become inaccurate, as they do not always obey laws 
of physics or chemistry. Additionally, the inability to incorporate irrigated crop data 
and the simplifying of crops from rice or non-rice seriously hampers the accuracy of 
these results. Crop irrigation is not carried out uniformly globally let alone locally. 
Irrigation efficiency, farm operation scale, land use changes, drought-resistance of 
genetically modified strains, and availability of irrigation water are glossed over in 
this model, all of which will have serious detrimental or mitigating impacts on 
agriculture. 
Some attempts have been made to improve Döll and Siebert’s global 
irrigation model. Fischer et al. (2007) refines the model to include an agro-
ecological modeling framework component (AEZ), which simulates “land resources 
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availability, farm management options, and crop production potentials as a function 
of climate, soil and terrain conditions;” these are definite improvements to the 
original simulation run by Döll (2002). Climate data in the AEZ simulation includes a 
suite of measurements such as minimum and maximum temperature, precipitation, 
cloudiness, and wind speed. The temperature variables were spline interpolated, 
while rainfall totals were measured as a gridded frequency. Increases in irrigation 
efficiency were built into the model, with a 10% increase in efficiency assumed 
between 2000 and 2030, and another 10% increase in efficiency from 2030 to 2080, 
across all regions. Socioeconomic components are also incorporated, which divide 
the world into ten regions and project different increases in cultivated land based on 
expected population increases. 
Because the underlying GCM is the same as in Döll (2002), the resolution is 
the same 0.5° latitude by 0.5° longitude. The new model also incorporates the cost of 
increasing irrigation under climate change for the world regions with water price 
and irrigation cost data available. These costs cover an extensive array of additional 
irrigation requirements including irrigation infrastructure investment, cost of 
supplying water from other areas, maintenance, labor, and computer technology. 
The results from this study find a 45% increase in global irrigated land from 
2000 levels, a huge majority in developing countries. Africa is expected to demand 
300% more irrigation water (the largest total increase), while North America is 
expected to demand 23% more irrigation water (the largest increase in developed 
regions). Two-thirds of the increase comes from warmer and drier weather patterns 
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during the growing season, while one-third will come from producers operating in a 
longer growing season. 
Globally, the annual additional irrigation costs in 2080 are expected to be 24-
27 billion US$. This incorporates both increased use from socioeconomic 
development and from climate change, but includes significant reductions in water 
use from mitigation strategies (i.e. technological progress and land use changes), 
although this is not felt in all regions. Unfortunately this study falls into many of the 
same pitfalls that befall Döll (2002), specifically being unable to quantify specific 
crop irrigation requirements. Although they attempt to improve this by introducing 
agro-ecological zones to better correct for regional crop differences based on the 
climate certain groups of crops are best suited for, they still rely on the basic GCM. 
Without additional regional or local data they have little choice otherwise. 
2.2 Analytical Methods: Regional Simulations of Irrigation Demand 
 The problems associated with assessing global irrigation demand can be 
partially overcome using regional models to analyze irrigation demand, which are 
more suited to a specific crop type and can include structural components 
impossible at a broad scale. In the United States, Adams et al. (1988) considers 36 
crop and livestock commodities in 63 distinct production regions. These regions are 
aggregated into 10 macro regions. In the model, the authors consider a change in 
irrigation demand given a doubling of CO2 from a base of 300 ppm. The model 
estimates a reduction in total cropped acreage in aggregate by 2-3%. However, as a 
result of aggregation the authors note these findings obscure some profound 
regional differences. Wheat, corn, and soybeans are predicted to move to the north 
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or northwest, following ideal climate estimates from the Goddard Institute of Space 
Studies (GISS) and the Princeton University Geophysical Fluid Dynamics Laboratory 
(GFDL) global climate models, which incorporate changes in temperature, 
precipitation, and evapotranspiration. Irrigated crop acreage will increase across 
the country because of falling total acreage. The authors predict the loss in total 
acreage to be most pronounced in the Southwest, despite small increases in 
irrigated acreage. The model also assumes that, in the western United States, 
irrigated acres will expand largely due to increased groundwater use, which Adams 
et al. admits may not be feasible over the long-term. 
Within a more regional framework, Yu and Babcock (2010) estimate the 
effects of drought conditions on crop yields in the Midwestern United States to 
determine trends in drought-tolerance among corn and soybeans. The authors use 
county-level data on production and climate (specifically precipitation and cooling-
degree days) for Illinois, Iowa, and Indiana over a 30-year period. Counties with 
more than one weather station have their climate information averaged, and all 
climate data is summed over the growing season. Their analysis finds susceptibility 
to drought has decreased since 1980, but drought represents the most important 
source of county yield loses. The authors attribute increases in drought tolerance for 
corn to the increase in genetically modified crop acreage. However, for counties 
with more climatic disparity, aggregation fails to capture potential intra-county 
climate differences. 
2.3 Physically-Based Models of Irrigation Demand 
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 Irrigation demand literature also covers very specific, localized models of 
production. At a local level, these models can be applied to the field level and can 
incorporate more physically based coefficients. These models have significant 
benefits for practical irrigation application purposes because they allow users to 
incorporate field-specific information and can simulate local legal, cultural, and 
climate information that would otherwise be lost at the regional or global scale. 
Martin et al. (1989) develop a method that incorporates physically based 
coefficients rather than empirical coefficients to determine optimal irrigation 
management strategies. The method is both highly localized and narrow in scope 
since it is applicable over only a single season. There are highly variable soil and 
climatic conditions that individual producers face in addition to the realities of 
sometimes limited irrigation supplies. To develop comprehensive irrigation 
strategies, the authors maximize a yield function based on the net return from 
irrigation, taking into account crop prices, area irrigated, cost of irrigation 
(including depth to groundwater), and the cost of producing dryland crops. 
 Martin et al. recognize the importance of inter-seasonal climate variation on 
the demand for groundwater too. Here, maximum crop yield is a function of the 
difference between the maximum yield from irrigation and dryland yield, as well as 
the difference in seasonal evapotranspiration rates from irrigated crops and dryland 
crops. The coefficients required in this method are determined from specific 
experiments within a localized region, an option that is still infeasible at a global 
scale. However, with comprehensive, crop-specific yield functions and locally 
sourced climate data, the authors set up a model that features possible constraints 
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on land or water. Irrigation modeling should realistically incorporate these 
constraints because each field may face different legal or geographic obstacles to 
obtain water or land. This approach is valuable for predicting producer responses 
when microlevel data on actual water use is not available, but it is well known that 
producers do not always follow agronomic recommendations. In addition, results 
cannot be interpolated over broad regions 
Obtaining such specific localized data is only possible for regions where 
climate, soil type, crop type, and irrigation availability are recorded and readily 
available. University extension services, like the programs funded by the University 
of Nebraska, collect this kind of detailed information and publish them (Kranz et al. 
2008). In Nebraska, 70 percent of irrigated acres are used to grow corn; therefore, 
information on corn agronomy, especially regarding water use, is well studied and 
regularly evaluated. One key finding, overlooked in the studies mentioned so far, is 
the intraseasonal variation in corn water requirements. While total seasonal or 
annual crop water requirements are helpful in evaluating irrigation demand, the 
observed water requirements for corn between emergence and silking (the first and 
fifth growth stages for corn) increase by over 300 percent. The biological water 
requirements put forth by Kranz et al. (2008) imply that intraseasonal climate 
variation may also impact irrigation demand significantly.
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CHAPTER 3: DATA & METHODS 
3.1 Data 
 The data used in this analysis is from a number of sources and is summarized 
in Table 3.1. First, public data on individual wells is from the Nebraska Department 
of Natural Resources (DNR) database. The DNR database contains technical 
information about each registered well. This includes the location of the well, the 
depth to groundwater at the time of drilling, and the pumping rate in gallons per 
minute (gpm). Soil type was obtained from the State Soils Geographic (STATSGO) 
database. The DNR and soils data has been used and documented in Kuwayama and 
Brozović (2013) and Pallazzo and Brozović (2014). 
 Panel data was provided by the URNRD. The URNRD installed meters on all 
irrigation wells by 1980 and collects annual data on water use and crop choice. Each 
well was matched to the field or fields it irrigates using the URNRD database. While 
most of the 3,159 wells irrigate a single field, a few (82) are associated with multiple 
fields, either because one well irrigated two fields or administrative changes caused 
producers to record their use differently. These were corrected for, either by 
dropping a duplicate observation or, if not duplicates, by creating a separate well id 
to capture additional water use activity.  
 We use climate data from the National Climate Data Center publicly available 
database. Specifically, we use monthly data on precipitation and cooling degree-
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days. The climate data is from 17 weather stations in the three-county region.9  In 
order to match climate information to a specific well, we used ArcGIS to create a 
shapefile of each climate variable using inverse distance weighting from the 
associated weather stations. This was done for each climate variable-month-year 
combination (e.g., March 1992 precipitation). From this, weather data was extracted 
by well point, creating well-specific climate information.10 Examples of these 
observed climate maps are represented in Image 2 and 3. 
Climate predictions for the Great Plains comes from a National Oceanic and 
Atmospheric Administration technical report NESDIS 142-4 titled Regional Climate 
Trends and Scenarios for the U.S. National Climate Assessment (2013). Climate 
predictions were calculated under both high emissions and low emissions scenarios 
and include a low and high range for temperature and precipitation changes in three 
separate time periods: 2021-2050, 2041-2070, and 2070-2099. 
Output prices for corn, wheat, and soybeans are from USDA. Input prices 
(specifically, crude oil prices) are from the U.S. Energy Information Administration. 
We use the average annual wholesale price for output prices and the average annual 
price paid at U.S. crude oil markets for the fuel price. Table 3.2 shows the summary 
statistics for each variable.
                                                        
9 We use some weather stations that are located just outside the three-county region 
for data interpolation. 
10 Special thanks to Karin Callahan, GIS specialist at the University of Nebraska 
School of Natural Resources, for writing the Python script to create well-level 
climate data. 
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Table 3.1 Variable Descriptions 
Variable Name Description 
Cooling degree-days 
Each month has the total number of cooling degree-days 
using a 65 degree Fahrenheit base and measured in 
degrees Celsius per average day 
Precipitation 
Each month has the monthly total precipitation 
measured in inches. 
Soil type 
A dummy variable to indicate whether field soil is 
coarse, medium, or fine 
Pumping water level 
Describes the depth from the surface to groundwater 
level, measured in feet 
Pumping rate 
Describes the rate at which a particular well extracts 
groundwater, measured in gallons per minute 
Corn price The price of corn in real USD (1983 base) 
Fuel price The price of US crude oil in real USD (1983 base) 
Certified acres 
The number of acres in a field with an irrigation 
allocation 
Operation size 
Indicates number of wells operated by a single owner or 
operator 
Double-cropped 
A dummy variable to indicate whether a second crop is 
listed for a field in a given year 
Shared well 
A dummy variable to indicate whether a second field is 
irrigated by a single well 
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Table 3.2 Summary Statistics 
  
Observations Mean 
Standard 
Deviation 
Min Max 
Usage (acre-in 
per acre) 
65769 13.422 5.09 0.000 53.47 
Mar. 
Precipitation (in) 
65163 0.973 0.713 0.002 5.681 
Apr. Precipitation 
(in) 
64986 1.971 1.118 0.001 5.999 
May Precipitation 
(in) 
65206 2.799 1.633 0.086 8.183 
June 
Precipitation (in) 
64986 2.948 1.459 0.143 11.758 
July Precipitation 
(in) 
65209 3.084 1.418 0.073 9.907 
Aug. 
Precipitation (in) 
65209 2.462 1.708 0.037 11.294 
Sept. 
Precipitation (in) 
65209 1.351 0.864 0.001 4.804 
Oct. Precipitation 
(in) 
65209 1.454 1.075 0.001 6.930 
Mar. CDD 65216 0.002 0.005 0.000 0.045 
Apr. CDD 65363 0.071 0.099 0.000 0.656 
May CDD 65216 0.739 0.395 0.000 2.301 
June CDD 65304 3.292 1.266 0.334 7.426 
July CDD 65216 5.946 1.277 1.230 10.147 
Aug. CDD 65216 4.916 1.278 1.169 9.001 
Sept. CDD 65216 1.713 0.829 0.114 4.347 
Oct. CDD 65216 0.097 0.118 0.000 0.933 
Adjusted Corn 
Price 
65769 1.747 0.554 1.004 3.277 
Adjusted Fuel 
Price 
63324 35.174 20.606 12.700 86.610 
Pumping Rate 
(gallons per min) 
65769 1565.601 734.435 25.000 3600.00 
Pumping Water 
Level (ft) 
65761 138.648 68.831 8.000 440.000 
Certified Acres 65756 144.202 51.785 0.000 702.90 
Operation Size 65734 13.285 18.335 1.000 94.000 
Double-cropped 65769 0.085 0.279 0.000 1.000 
Shared well 65769 0.0215 0.145 0.000 1.000 
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3.2 Economic Model 
 We assume producers only have groundwater available for irrigation to 
supplement natural precipitation and that they choose to pump an amount of 
groundwater, w, measured in acre-inches per acre, at time, t, measured in years, 
such that they maximize profit. We define a producer’s profit function as: 
 
where the price, P, received by a producer for their crop at year t, is multiplied by 
their yield per acre, Y(wit|zit). Assume there are i wells, and the yield, Yit(wit|zit), is 
reached from the application of groundwater, w, given the observed variables at 
each well, zit. The variables for zit represent additional factors with an effect on 
water use such as precipitation, cooling degree days, and well and field 
characteristics. A dummy variable is also included to indicate if producers employed 
double-cropping for well i at time t. The cost associated with pumping, citwit, is a 
function of real fuel prices, the rate of pumping in gallons per minute, the number of 
certified acres, and the depth to groundwater, each associated with a well, i. By 
taking the first order conditions, we can solve implicitly for w, such that 
, where wit is a function of zit, cit, and p.  
 The empirical specification for our model is below. We regress the outcome 
w, water use, at well i in year t on the explanatory variables, which include cooling 
degree-days, precipitation, soil type, adjusted corn prices and fuel prices with base 
year of 1983, Pt, and six well-specific variables, Xit, (pumping water level, pumping 
rate, number of certified acres, operation size, and indicator variables on double-
π = PY(wit | zit ) − c itwit
∂Y (wit | zit )
∂wit
=
c it
p
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cropped fields and fields sharing wells). Pumping water level (depth to 
groundwater), certified acres, and pumping rate are determined at the time the well 
is drilled and do not change over time. Certified acres, double-cropping, and shared 
wells can change over time. The model we use is a random-effects regression model 
using panel data, specified as: 
 
where the error term is expressed in AR(1) functional form: 
 
Subscripts m, i, and t denote month, well, and year respectively. The error term, εit, 
captures random factors consistent with an AR(1) model which depends linearly on 
its own previous values. The AR(1) random-effects GLS estimator model is chosen 
because the disturbance is first order autoregressive (modified Bhargava et al. 
Durbin-Watson value of 1.177) and the climatic differences between wells is 
expected to influences the dependent variable, which is consistent with a random-
effects model. 
 The vector D includes data on cooling degree-days per day, measured in 
degrees Celsius with a base of 65 degrees Fahrenheit, over the 8 different month 
variables (March-October). The vector R includes precipitation over the same 8 
months, while S1 and S2 are indicators for medium and coarse soil. P is a vector of 
fuel and corn prices in year t, and X captures the six well-specific variables 
(pumping water level, pumping rate, number of certified acres, operation size, and 
indicator variables on double-cropped fields and fields sharing wells). 
w it = α + βDD+ βR Rit + β1,mRitS1 + β2,mRitS2 + βSi + βpPt + βX X it + ui +ε it
ε it = ρε i,t−1 + γ it
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 Precipitation is measured in inches per month. Soil type is reflected as 
coarse, medium, or fine, with fine as the omitted category in the estimation. This 
reveals physically how much water is held in the soil during precipitation or 
irrigation events, and thus how efficient the soil is at capturing water. The less 
efficient the soil is at holding water, the more farmers need to irrigate to maintain 
optimal growing moisture levels (Kranz et al., 2008). Therefore, we account for the 
efficiency of monthly precipitation in this factor variable. We include interaction 
terms for the soil and precipitation variables in the estimation. We expect that the 
same amount of precipitation will have different effects on irrigation water demand 
of different soil types due to the variation in water holding capacity. 
 Additionally, pumping water level and the inflation-adjusted crude oil prices 
are included to capture the cost of pumping groundwater. The cost of pumping 
groundwater increases with a higher energy price and an increase in the depth to 
groundwater. Variables similar to these have been used to model the marginal costs 
of extracting groundwater, with the assumption that as groundwater is extracted 
and the water table falls, the cost of pumping will increase (Gisser and Sanchez, 
1980; Koundouri, 2004). 
 The rate at which water can be pumped, in gallons per minute, and the 
certified acres allocated to each well are included. These variables are meant to 
reflect the size and scope of each operation to account for the scale of production. 
We estimate the water use per acre but include certified acres as there may be 
economies of scale in irrigation technology that makes it more efficient to irrigate 
larger fields. Additionally, an indicator variable for double-cropping is included. 
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Double-cropping is a farming practice in which a second crop is planted after the 
first has been harvested. This was self-reported in the field data. Hypothetically, if 
producers plan on double-cropping, they may be more conservative in how much 
water to irrigate their first crop with, especially because of the annual pumping limit 
of 13 acre-inches per acre in the URNRD. 
Few farms grow anything other than corn, thus the price of corn, adjusted for 
inflation, is included as well. When corn prices are high, it increases the marginal 
value of irrigation water and producers choose to increase irrigation to maximize 
profit.
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CHAPTER 4: RESULTS & DISCUSSION 
4.1 Results 
Table 4.1 reports the estimation results. Using well-specific data, we estimate 
the demand for groundwater, measured in acre-inches per acre. The R-squared for a 
single well between years is 0.3815; the R-squared between wells for a single year is 
0.3503; while the overall R-squared value is 0.3702. As expected, there is significant 
variation between months for both precipitation and cooling degree-days, as well as 
between soil types. However, some months provided unexpected results in terms of 
the sign of the coefficient. April and October are both significant and negative for 
cooling degree-days, which implies that, the warmer the climate is in these two 
months, the less water producers will extract.  
 The rest of the months are consistent with our expectations about the effect 
of degree-days on groundwater demand. An increase in cooling degree-days in May 
through September lead to more groundwater demanded, although the magnitude 
varies by month. May, June, and July have similar marginal effects, with an increase 
of one degree Celsius leading to an additional 0.35, 0.23, and 0.25 inches per acre 
applied irrigation, respectively. The marginal effect was relatively low in August and 
very high in September, with coefficients of 0.20 and 0.56 respectively. Average 
cooling degree-days per day for coefficients with positive values, included in the 
summary statistics in Table 3.2, range from 0.74 in May to 5.947 in July. 
 Cooling degree-days coefficients are negative for March (-20.45), April (-
1.347), and October (-1.264), and significant at the 1 percent level. These 
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coefficients are much larger, reflecting a decrease in water use when these fringe 
months are warmer. There are relatively few average cooling degree-days per day 
for these months, with an average of 0.0019, 0.071, and 0.097 cooling degree-days 
per day in March, April, and October respectively. While these numbers are 
surprising, they reflect correlations for months that rarely, if ever, see active 
groundwater irrigation. Southwest Nebraska producers typically irrigate from mid-
May until early September. 
 The factor variables for soil type, which account for the porosity of the soil in 
relation to rainfall, give more detail about the effect of precipitation on groundwater 
use. The interaction effects are generally consistent with expectations in both sign 
and magnitude, although some are not statistically significant. Medium soil is 
statistically insignificant when compared to fine soil for April, June, August, and 
October. Coarse soil is insignificant when compared to fine soil in June, August, and 
October at the 10 percent level. 
 Coarse soil causes precipitation to be less effective at reducing groundwater 
use. This is because the lower water-holding capacity of coarse soil does not allow 
the plant to utilize additional precipitation as efficiently as with medium or fine soil. 
For example, an additional inch of precipitation in May will reduce groundwater 
irrigation by 0.63 acre-inches per acre for fine soil, but only by 0.52 – 0.54 acre-
inches per acre for medium and coarse soil. July has a similar pattern as May, where 
an additional inch of precipitation will reduce groundwater irrigation by 0.85 acre-
inches per acre for fine soil, but only by 0.70 acre-inches per acre for medium and 
coarse soil. 
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 We do not find the same pattern for all months. March and April have the 
opposite pattern, with additional precipitation resulting in lower annual water 
demand for medium and coarse soils relative to fine soils. In September, 
precipitation over fine and coarse soil types appears to increase groundwater 
withdrawals, with fine soils increasing withdrawals by 0.138 acre-in per acre for 
every inch of precipitation, while coarse soil increases withdrawals by 0.037 for the 
same amount of precipitation. Medium soil has the opposite effect, with a marginal 
effect of -0.019. However, if irrigation is not actually occurring in March, April, and 
most of September then these correlations seem to be spurious. 
 Variables that affect the costs of production including pumping water level, 
pumping water rate, the number of certified acres, and the adjusted price of fuel all 
have the expected sign. All are significant at the 1 percent level. Pumping water 
level, with a coefficient of -0.0086, is one of the best indicators of pumping costs, 
with an increase in 1-foot depth to groundwater correlated to a decrease in 0.0086 
acre-inches per acre of water applied. The number of certified acres, the number 
acres irrigated by a single well, has a coefficient of -0.0073, indicating a slight 
efficiency gain in water use as farmers increase the scale of production at the well 
level. Pumping water rate, with a coefficient of 0.0004, reflects a tendency to irrigate 
more as technology eases technological limitations on irrigation pumping, although 
this effect is small. 
 The adjusted price of corn is significant at the 5 percent level, with a 
coefficient of 0.102. As the price of corn increases, the water applied per acre 
increases as well; in this model, for every dollar per bushel increase in the price of 
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corn, we expect producers to add over 0.1 acre-in per acre of groundwater, 
reflecting an anticipated yield increase at the intensive margin of production. This is 
consistent with economic theory; higher corn prices are correlated to increased 
groundwater withdrawals. 
The variable for operation size and factor variables for double-cropping and 
shared wells are all significant at the 1 percent level. Operation size, the size of the 
total operation measured in number of fields under the same operator, positively 
related to groundwater withdrawals with a coefficient of 0.038, which implies the 
more fields associated with an operation, the more groundwater tends to be 
pumped. This is most likely a result of economies of scale as operations get larger. 
While most fields only have one crop per year, 8.5 percent of observations are 
reported to have more than one crop planted in a year, and 2.15 percent of 
observations water more than one field. The coefficient for double-cropping is -
0.857, indicating a decrease in water use per acre when multiple crops are planted 
in a year. The coefficient for shared wells is -0.827, indicating a decrease in water 
use per acre when multiple fields rely on a single well. Both are significant at the 1 
percent level. 
Table 4.2 has the estimated marginal effects for the variables in the 
interaction terms (soil type and precipitation).  The marginal effects show that both 
soil type and precipitation have significant effects on groundwater demand. 
Compared to medium and fine soils, coarse soil increases water demand, which is 
consistent with the conventional understanding of soil hydrology (Kranz et al., 
2008). The marginal effect of 1.089 inches per acre is both statistically and 
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economically significant, showing that on average, a field with coarse soil uses about 
8.11 percent more water than the average field in the URNRD. This is consistent 
with observed soil retention efficiency (Kranz et al., 2008). Soil classified as medium 
has a significant effect on groundwater usage compared to fine soils at the 10 
percent level, decreasing irrigation demand by 0.19 acre-in per acre at the margins. 
The marginal effects of precipitation, regardless of soil type, are negative 
from March through August and positive in September and October. All are 
significant at the 1 percent level, except for September, which is significant at the 5 
percent level. For the months with negative coefficients, the effects of precipitation 
vary between -0.262 (April) and -0.748 (July). This means an increase of one inch in 
April precipitation reduces irrigation application by 0.262 acre-inches per acre; in 
July, during the critical period for plant growth, the same increase of one inch 
reduces irrigation application by 0.748 inches per acre. We find positive marginal 
effects for September and October precipitation, although the magnitudes of the 
marginal effects are much smaller than in the other months. September is significant 
at the 5 percent level. Again, producers typically irrigate between May and early 
September so these correlations probably do not change irrigation behavior. 
An important secondary consideration is how the disaggregate data 
compares with the aggregate data. The purpose of this thesis is to use disaggregate 
data to develop a higher resolution analysis of groundwater use than could 
otherwise be developed by aggregating data. To see if disaggregating data delivers 
more specific, comprehensive results, we aggregated the data several ways in order 
to compare whether information was lost in the process. 
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We developed three separate estimates to examine the effect of aggregation. 
First, we aggregated precipitation and cooling degree-days over all the months to 
develop a growing season aggregate. Second, we aggregated months by season: 
spring consisted of March, April, and May; summer consisted of June, July, and 
August; and fall consisted of September and October. Third, we aggregated by 
county, but kept the months disaggregate. 
In the first aggregate analysis, whose results are presented in Table 4.3, in 
which all months were summed into a partial annual variable, cooling degree-days 
are significant at the 1 percent level, with a coefficient of 0.35, implying an increase 
of one cooling degree-day over the 8 month period will lead to an increase in 
groundwater pumping of 0.35 acre-in per acre. Under fine soil, one inch of 
precipitation decreases groundwater use by 0.49 acre-in per acre; under medium 
soil, one inch of precipitation decreases groundwater use by 0.47 acre-in per acre; 
while under coarse soil, one inch of precipitation decreases groundwater use by a 
smaller 0.44 acre-in per acre. In the disaggregate analysis, only cooling degree-days 
in May and September have as high or higher of an impact, while the summer 
months see less impact on groundwater use per increase in cooling degree-days. 
Similarly, precipitation has different intraseasonal impacts, typically much higher or 
lower than the aggregate sums and insignificant for nearly half the months. 
Corn price has a smaller impact, while fuel price has more than double the 
impact at 0.094 and 0.104 respectively. Pumping rate, certified acres, and operation 
size are almost the same as in the disaggregate model, while pumping water level 
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has a smaller impact in the aggregated month model, with a coefficient of -0.0071. 
All R-squared measures are smaller in the aggregate model as well. 
Table 4.4 presents the results from the seasonally aggregated analysis, where 
a more consistent picture emerges with the disaggregate model, as we would expect. 
Cooling degree-days effect during spring are actually quite small however, with a 
coefficient of 0.096, which is a better result than what we found in the disaggregate 
model, because it eliminates the extreme variability found in the months in which 
producers do not irrigate. For summer, the cooling degree-days have a slightly 
higher effect than either June, July, or August with a coefficient of 0.28, while fall 
also has a bigger impact at 0.58, although these effects are fairly close to the results 
in the disaggregate model. 
Precipitation in this model finds spring precipitation significant at reducing 
groundwater use by 0.43 acre-in per acre, which is somewhere between the 
coefficients for March, April, and May in the disaggregate model for fine soil. The 
aggregated seasonal analysis found medium and coarse soils were insignificant for 
spring. The summer precipitation coefficient saw a somewhat modest impact 
relative to the disaggregate analysis on precipitation for fine soil at -0.61, with 
significant and decreasing effects of precipitation on medium and coarse soils, at -
0.58 and -0.54 respectively. In the disaggregate analysis, medium and coarse soil 
were found to be insignificant in their effect on groundwater use during June and 
August. Fall precipitation has a small, significant impact on fine and coarse soil, but 
in the positive direction, just as in the disaggregate analysis. Medium soil was 
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insignificant. This season captures two months that farmers do not typically irrigate 
during, which explains the unexpected sign of the coefficient. 
In the seasonal aggregation, the price of corn is insignificant, while the price 
of fuel is fairly close, with a coefficient of 0.0073 (compared to the disaggregate 
coefficient of 0.0043). Pumping rate, depth to groundwater, the number of certified 
acres, and operation size are also fairly similar, and are all significant at the 1 
percent level. Again, all R-squared values are smaller than the disaggregate analysis, 
but by a smaller percentage than in the previous aggregation analysis in which all 
months were combined. 
Finally, in the county aggregation model presented in Table 4.5, only 
September and June cooling degree-days are significant, and only at the 5 percent 
level. The rest of the months are insignificant at the 10 percent level. Precipitation is 
significant at the 1 percent level for June, July, and August, with coefficients of -
0.621, -0.884, and -0.664 respectively. These are close to the coefficients for the 
disaggregate analysis, except for June, which over-estimates the impact relative to 
the disaggregate analysis. May precipitation is significant at the 5 percent level, and 
is much smaller than the disaggregate analysis, with an impact of -0.255, compared 
to the marginal impact of -0.56 in the disaggregate analysis. Information on soil type 
and precipitation is lost because soil type varies between fields within counties and 
cannot be incorporated into the spatially aggregated analysis. 
Additionally, corn price, fuel price, pumping rate, and operation size are all 
insignificant at the county level. This is based on the mean of each at the county 
level, which loses all significance in aggregation. Only depth to groundwater was 
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significant and has a negative value, with a coefficient of -0.021. Despite most of the 
variables coming out as insignificant, all R-squared values were much higher than in 
the disaggregate model.
  
 
38
Table 4.1 Regression Results 
Dependent Variable: Groundwater use, in acre-in per acre 
  Coefficient Standard Error 
Mar. CDD -20.445*** 2.496 
Apr. CDD -1.207*** 0.165 
May CDD 0.351*** 0.036 
June CDD 0.237*** 0.013 
July CDD 0.259*** 0.018 
Aug. CDD 0.199*** 0.017 
Sept. CDD 0.561*** 0.019 
Oct. CDD -1.239*** 0.120 
Mar. Precipitation -0.275*** 0.034 
Mar. Precipitation x S1 -0.190*** 0.043 
Mar. precipitation x S2 -0.298*** 0.044 
Apr. Precipitation -0.213*** 0.023 
Apr. Precipitation x S1 -0.045 0.029 
Apr. precipitation x S2 -0.103*** 0.030 
May Precipitation -0.628*** 0.015 
May Precipitation x S1 0.086*** 0.020 
May precipitation x S2 0.109*** 0.020 
June Precipitation -0.460*** 0.017 
June Precipitation x S1 0.011 0.023 
June precipitation x S2 -0.002 0.023 
July Precipitation -0.845*** 0.018 
July Precipitation x S1 0.143*** 0.022 
July precipitation x S2 0.146*** 0.024 
Aug. Precipitation -0.724*** 0.016 
Aug. Precipitation x S1 -0.006 0.020 
Aug. precipitation x S2 0.032 0.021 
Sept. Precipitation 0.138*** 0.026 
Sept. Precipitation x S1 -0.187*** 0.035 
Sept. precipitation x S2 -0.101*** 0.036 
Oct. Precipitation 0.080*** 0.024 
Oct. Precipitation x S1 -0.009 0.030 
Oct. precipitation x S2 0.037 0.031 
Adjusted Corn Price 0.102** 0.041 
Adjusted Fuel Price 0.004*** 0.001 
Pumping Rate 0.0004*** 0.000 
Pumping Water Level -0.0086*** 0.001 
Certified Acres -0.007*** 0.001 
Operation Size 0.0378*** 0.002 
Double-Cropped -0.858*** 0.055 
Shared Well -0.827*** 0.251 
Constant 17.587*** 0.307 
Notes: Significance at the 0.01, 0.05, and 0.1 levels denoted by ***, **, and * respectively 
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Table 4.2 Marginal Effects of Precipitation 
 
Dependent Variable: Groundwater use, in acre-in per acre 
 Coefficient Standard Error 
Mar. Precipitation -0.438*** 0.023 
Apr. Precipitation -0.262*** 0.015 
May Precipitation -0.563*** 0.009 
June Precipitation -0.457*** 0.011 
July Precipitation -0.748*** 0.012 
Aug. Precipitation -0.716*** 0.011 
Sept. Precipitation 0.040** 0.018 
Oct. Precipitation 0.089*** 0.015 
Medium Soil Type -0.194* 0.109 
Coarse Soil Type 1.089*** 0.113 
 
 
Table 4.3 Total Temporal Aggregate Regression 
 
Dependent Variable: Groundwater use, in acre-in per acre 
  Coefficient Standard Error 
Total CDD 0.348*** 0.004 
Total Precipitation -0.492*** 0.007 
Total Precipitation x S1 0.022** 0.009 
Total Precipitation x S2 0.057*** 0.010 
Adjusted Corn Price 0.094*** 0.037 
Adjusted Fuel Price 0.010*** 0.001 
Pumping Rate 0.0004*** 0.000 
Pumping Water Level -0.0071*** 0.001 
Certified Acres -0.008*** 0.001 
Operation Size 0.0385*** 0.002 
Constant 15.981*** 0.252 
Notes: Significance at the 0.01, 0.05, and 0.1 levels denoted by ***, **, and * 
respectively 
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Table 4.4 Seasonal Aggregate Regression 
 
Dependent Variable: Groundwater use, in acre-in per acre 
  Coefficient Standard Error 
Spring CDD 0.096*** 0.027 
Summer CDD 0.279*** 0.005 
Fall CDD 0.579*** 0.015 
Spring Precipitation -0.433*** 0.010 
Spring Precipitation x S1 -0.001 0.012 
Spring Precipitation x S2 -0.010 0.013 
Summer Precipitation -0.607*** 0.009 
Summer Precipitation x S1 0.030*** 0.011 
Summer Precipitation x S2 0.071*** 0.012 
Fall Precipitation -0.064*** 0.016 
Fall Precipitation x S1 0.032 0.021 
Fall Precipitation x S2 0.143*** 0.022 
Adjusted Corn Price 0.030 0.037 
Adjusted Fuel Price 0.007*** 0.001 
Pumping Rate 0.0004*** 0.000 
Pumping Water Level -0.0079*** 0.001 
Certified Acres -0.008*** 0.001 
Operation Size 0.039*** 0.002 
Constant 16.126*** 0.255 
Notes: Significance at the 0.01, 0.05, and 0.1 levels denoted by ***, **, and * 
respectively 
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Table 4.5 County Aggregate Regression 
 
Dependent Variable: Groundwater use, in acre-in per acre 
  Coefficient Standard Error 
Mar. Precipitation -0.254 0.213 
Apr. Precipitation 0.088 0.183 
May Precipitation -0.255** 0.118 
June Precipitation -0.621*** 0.160 
July Precipitation -0.884*** 0.170 
Aug. Precipitation -0.668*** 0.150 
Sept. Precipitation -0.198 0.241 
Oct. Precipitation 0.201 0.214 
Mar. CDD 44.026 40.055 
Apr. CDD 2.492 2.023 
May CDD 0.553 0.542 
June CDD 0.332* 0.167 
July CDD 0.263 0.224 
Aug. CDD -0.121 0.199 
Sept. CDD 0.612** 0.258 
Oct. CDD -0.049 1.578 
Adjusted Corn Price -0.059 0.381 
Adjusted Fuel Price -0.008 0.010 
Pumping Rate -0.002 0.002 
Pumping Water Level -0.210*** 0.008 
Certified Acres 0.099* 0.056 
Operation Size -0.040 0.049 
Constant 8.893 8.145 
Notes: Significance at the 0.01, 0.05, and 0.1 levels denoted by ***, **, and * 
respectively 
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4.2 Discussion 
 The motivation for this work is an expectation that using disaggregate 
climate and well time-series data can provide a more accurate estimation of the 
effects of weather on a producer’s irrigation demand. The results show that 
irrigation water use is responsive to month-to-month changes in climate at the well 
level, and that different months in the growing season have heterogeneous impacts 
from the same change in climate conditions. Although there are basic, biologically 
determined irrigation requirements, increased heat or drought can impact a 
producer’s water use substantially. This is a concern in areas like the Upper 
Republican Natural Resource District, where groundwater-pumping limits have 
been set to improve instream flows in the Republican River, which is hydraulically 
connected to the Ogallala aquifer. For producers who use close to the established 
groundwater-pumping limit, a hot or dry year could lead to noncompliance with 
water use regulation. 
 Water use is particularly susceptible to July and August rainfall, the months 
with the biggest effects on water use for those variables. It also appears usages is 
susceptible to September heat, although this makes some dubious agronomic sense. 
Ignoring September and May, July heat has the greatest effect on water use. This is 
not surprising, since corn water requirements peak in July as the plant begins to 
tassel and silk, and then taper off by early September as the plant stops fruiting and 
reaches maturity (Kranz et al., 2008). 
 Precipitation reduces water use from March through August, with 
precipitation in July, August, and May showing the most response to water use. 
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These three months again correspond to particular stages in a corn plant’s life cycle, 
with the highest response to rain corresponding with times of greatest water use by 
the plant. Our analysis showed that, in July and August, an additional inch of rain 
would reduce water use by almost 0.74 acre-inches per acre. In May, that number is 
about 0.56 acre-in per acre, and in less critical months, can be as low as 0.26 acre-in 
per acre (in April), which is still a significant amount for producers with an 
allocation of only 13 acre-inches per acre. 
 Precipitation deviates from the expected trend in September and October, 
with additional amounts of irrigation in these months correlating to an increase in 
groundwater use, not a decrease. These coefficients are much smaller in absolute 
terms than in March through August, but are still statistically significant. These 
results are unexpected, but also are unsupported by current irrigation practices. Our 
understanding of corn production in Nebraska finds irrigation is very uncommon in 
these months and a few atypical fields possibly drive the results or a spurious 
correlation with climate patterns. 
 In some cases precipitation also varies markedly across soil types, with 
precipitation during certain months having differential effects on groundwater use. 
On average, the largest impacts of precipitation are in July and August. This is 
consistent with agronomic requirements for crop water needs for crop growth 
during these months. In July the effect of precipitation varies by soil type although 
August shows no statistical difference by soil type.  
 May and July exhibit the expected pattern in which precipitation over a field 
with coarse soil decreases groundwater pumping less than fine soils. This is 
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predicted based on the experimentally determined carrying capacity for coarse, 
medium, and fine soils (Kranz et al., 2008). However, March and April record the 
opposite trend, with precipitation over coarse and medium soils showing better 
reductions in water use than for fine soils. March and April are not typically months 
in which producers irrigate, so these correlations appear to be spurious. 
 The results signify the importance of precipitation in concert with the soil 
over which that precipitation falls. The land quality affects the efficacy of 
precipitation, and producers seem to respond differently during various stages of 
the crop growth season when managing their irrigation practices. During months 
with very high water requirements, the results indicate that precipitation is equally 
beneficial for all soil types, and that the efficacy of the precipitation matters less 
than the sheer presence of precipitation. The interaction terms for May through July 
are consistent with the expectation that precipitation is important in reducing 
groundwater withdrawals, with soil type affecting the marginal impact of 
precipitation on a producer’s groundwater demand in some months.  
 Temperature, measured by the average cooling degree-days per day each 
month, indicates that warmer temperatures do increase irrigation water demand, at 
least between May and September. This is expected since these are the months in 
which producers typically irrigate. An increase of one degree Celsius per day in May, 
June, and July, increases water use between 0.23 and 0.35 acre-in per acre.  
 However, temperature shows the opposite pattern for April and October. The 
odd results in these months are likely due to the small number of observations. All 
of these months have an average of less than 0.1 cooling degree-days per day, 
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reflecting the rarity of temperatures above 65 degrees Fahrenheit during these 
months. Producers also do not typically irrigate during these months, so the 
statistically small sample size most likely corresponds with a meaningless 
correlation. For October and April, the average number of cooling degree-days is 
also very small (e.g., October has 30 cooling degree days compared to 1,523 in 
August). Although these months point to warmer weather leading to lower water 
use, they are likely to be spurious correlations based on a rarity of empirical 
observations. These months flank the growing season and should not impact 
irrigation use during the growing season. 
 When comparing the disaggregate model results to the three aggregated 
model results (Table 4.1 compared to Table 4.3, 4.4, and 4.5), we see a clear 
reduction in the accuracy of results when using temporally and spatially aggregated 
data. The model most similar to the disaggregate results was the seasonally 
aggregated model, which is the least aggregated model. The results from this model 
were actually fairly similar to the disaggregate model, although the soil type 
interactions for June and August, in which soil was actually found to be insignificant 
when compared to fine soils, is lost. The summer season also underestimated the 
impact of precipitation in July and August, which are the most crucial water use 
months for corn and climate changes in those summer months will have a greater 
impact than the aggregated analysis seems to suggest.  
 The spatially aggregated data is highly uninformative. Although there are 
only three counties in this analysis, their heterogeneous climate clearly does not 
aggregate into meaningful results. Only summer precipitation is significant, 
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although the estimations on how June, July, and August affect groundwater use is an 
overestimation. The loss of spatial information cripples well-specific data that is 
otherwise supported as being important factors that drive groundwater use. 
Additionally, price of fuel and the price of corn are lost in this aggregation. This does 
not make economic sense and is not supported by the literature, especially higher 
corn prices. Higher corn prices should incentivize producers to maximize yields by 
applying more water, because the cost of pumping that water per acre harvested 
will go down. 
 Monthly climate patterns, therefore, matter very much. Aggregating climate 
data will not capture these relationships. Understanding if precipitation occurred in 
June or August will change a producer’s expected water withdrawals; understanding 
if a heat wave occurred early in the growing season or late in the growing season 
will have similar impacts. Of course, in arid, water-scarce areas like the URNRD, 
producers will always need groundwater to irrigate their crops. Those who irrigate 
in coarse soil are much less efficient since the ground will not hold as much water, 
both from precipitation and from irrigation. Precipitation over these soils will do 
less to alleviate water stress and cause producers to pump more groundwater. 
 Additionally, economic drivers change the incentive for irrigation. As corn 
price increases, the relative importance of costs to use additional groundwater 
diminish and this is clearly reflected in our results. An increase of 1 dollar per 
bushel in the price of corn increases irrigation application by 0.1 inches per acre, 
while an increase in the depth to groundwater of 100 feet reduces irrigation 
application by 0.861 inches per acre. 
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 Economies of scale are also important in determining a producer’s 
groundwater pumping decisions. The rate at which they pump, the number of 
certified acres, the operation size, and the presence or absence of double cropping 
and multiple fields all significantly affect water use. The more water a well can 
pump per minute, the more water per acre will be applied. Conversely, the more 
irrigated acres there are, the less water is applied per acre. The former may be a 
reflection of necessity or capability: larger wells are needed for less efficient, water-
intensive acres, or larger wells let producers water more per minute and so they 
water more because it is possible. The latter suggests producers are either satisfied 
with lower intensive yields in favor of extensive growth, or that there is some 
economy of scale in producing corn in larger fields. Double cropping and shared 
wells show similar patterns, and both reduce the demand for irrigation on a per-
acre basis. Conversely, the more wells that are under a single operation, the more 
water each well is likely to pump.  
Water use depends on a number of variables, but at the margin, climate can 
substantially increase or decrease a producer’s total water use. In areas dependent 
on groundwater to make up for this climatic volatility, especially when groundwater 
is scarce, declining, or limited as is the case in the Republican River watershed, 
accumulations of fractions of inches per acre necessary to correct for climate 
volatility can add up to substantial increases in groundwater withdrawals.
  
 
48
CHAPTER 5: FORECAST SCENARIOS 
There is significant scientific consensus that climate will change, which will 
have serious impacts on agriculture (Yu & Babcock, 2010; Hornbeck & Keskin, 2011; 
Döll, 2002; Jones, 2000; Adams et al., 1988; Fischer et al., 2006). Climate models are 
not perfect windows into the future and the predictions they produce depend on a 
huge number of assumptions. For the purpose of this thesis, we want to predict how 
changes in temperature and precipitation will impact groundwater used in 
irrigation. The changes occur ceteris paribus; that is, we assume there is no change 
in the price of corn or fuel, the soil type remains constant, the size of farming 
operations remain the same, etc. In reality, we would expect at least some of these to 
change. However, we are less concerned about changes outside of climate, and more 
concerned about a world under different climate patterns. 
The estimation is fairly general because we do not have climate change 
models specific to the Upper Republican NRD. However, by using estimations for the 
Great Plains, we can look at the impact of precipitation and temperature change 
common to the region and apply them to the model developed in the previous 
chapter. We do this in an ex-ante analysis, in which the coefficients for all the 
variables are the same as the model, but the values of the variables reflect the 
changes outlined by the National Oceanic and Atmospheric Administration (NOAA). 
The values are based off of the averages across all 33 years and all 3,157 wells and 
separated by soil type. The NOAA report considers alternative scenarios derived 
from an internally consistent set of climate conditions established from historical 
  
 
49
data. Both temperature and precipitation changes are measured by their magnitude 
of change. 
The report considers a high and low estimate range for two different 
scenarios. The first scenario is considered a “high emissions” scenario and describes 
a world in which intergovernmental cooperation remains roughly as is. Global 
population in this scenario will increase throughout the century. The second 
scenario is a “low emissions” scenario, which describes a world in which 
governments work toward global climate change mitigation and population peaks 
around mid-century. These scenarios are adapted from the Intergovernmental Panel 
on Climate Change Special Report on Emissions Scenarios (IPCC, 2000).  
Additionally, each scenario covers three time periods modeled for the 
expected increase in CO2 during those periods. The periods are 2021-2050, 2041-
2070, and 2070-2090. The report expects CO2 to accumulate over time, and is 
captured with higher emissions for both scenarios in the later periods. For the 
forecast in this thesis, we calculate the ranges for both the high emissions and low 
emissions scenarios over the three time periods. The low-emissions scenario results 
are recorded in Table 5.1 and the high-emissions results are recorded in Table 5.2. 
To compare usage with future scenarios we used historical irrigation use averages 
for each soil type. The average uses are 12.68, 13.14, and 14.48 acre-in per acre for 
fine, medium, and coarse soils respectively.
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Table 5.1 Low Emissions Results 
Time Period Low Range Estimate High Range Estimate 
Fine Soils     
2021-2050 14.33 - 14.39 14.422-14.424 
2041-2070 14.52 - 14.57 14.89 - 14.93 
2070-2090 15.26 - 15.34 15.55 - 15.62 
Medium Soils     
2021-2050 14.35 - 14.54 14.45-14.59 
2041-2070 14.54 - 14.72 14.94 - 15.10 
2070-2090 15.35 - 15.40 15.64 - 15.71 
Coarse Soils     
2021-2050 14.44 - 14.63 14.55-14.69 
2041-2070 14.63 - 14.81 15.05 - 15.17 
2070-2090 15.44 - 15.49 15.75 - 15.82 
Estimates measured in acre-in per acre 
*Current averages: Fine – 12.68, Medium – 13.14, Coarse – 14.48 
 
Table 5.2 High Emissions Results 
Time Period Low Range Estimate High Estimate 
Fine Soils     
2021-2050 14.38 - 14.44 14.41-14.43 
2041-2070 15.24 - 15.28 15.59 - 15.67 
2070-2090 16.50 - 16.52 17.33 - 17.51 
Medium Soils     
2021-2050 14.40 - 14.58 14.45-14.58 
2041-2070 15.25 - 15.42 15.69 - 15.76 
2070-2090 16.52 - 16.65 17.50 - 17.53 
Coarse Soils     
2021-2050 14.49 - 14.67 14.55-14.68 
2041-2070 15.34 - 15.51 15.80 - 15.87 
2070-2090 16.60 - 16.73 17.61 - 17.64 
Estimates measured in acre-in per acre 
*Current averages: Fine – 12.68, Medium – 13.14, Coarse – 14.48 
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5.1 Low Emissions Scenario 
 The low emissions climate scenario assumes emissions increase from 40 
gigatons of CO2 per year starting in the year 2000 and increase to 50 Gt CO2 per year 
by mid-century before tapering off to less than 30 Gt CO2 per year by 2100. 
Equivalently, it assumes the CO2 saturation in the atmosphere will stop at 500 parts 
per million, compared to the estimated 400 ppm in 2014. This solution is optimistic 
about the structural changes that will occur around the world, with economies 
shifting to service and information sectors and creating global solutions for 
environmental sustainability. 
 For the three time periods in this scenario, fine soils see the largest change in 
irrigation demand, although in absolute terms the irrigation demand over fine soils 
is still lower than in medium or coarse soils. In the first period, 2021-2050, 
irrigation demand over fine soils is modeled to increase by 1.65 to 1.74 acre-in per 
acre from its current average of 12.68 acre-in per acre. Irrigation over medium soil 
is predicted to increase by 1.21 to 1.45 acre-in per acre from the medium soil 
current average of 13.14. Coarse soils fields will see irrigation demand increase 
between 0 to 0.21 acre-in per acre from the current average of 14.48. While coarse 
soil irrigation change seems surprisingly low, irrigators are already using far more 
water on these fields, reflecting a limited efficiency for coarse soils to capture 
precipitation compared to their less-coarse counterpart fields. Therefore, we should 
expect changes in precipitation and temperature to have more of an impact on 
medium and fine soils, than on coarse soils. On average, we expect irrigation in the 
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first time period to be 14.38, 14.47, and 14.57 acre-in per acre for fine, medium, and 
coarse soil types respectively. 
 In the second time period, between 2041-2070, fine soil irrigation increases 
between 1.84 to 2.25 acre-in per acre; medium soil irrigation increases between 
1.40 to 1.96 acre-in per acre; and coarse coil irrigation increases between 0.15 to 
0.69 acre-in per acre. Again, coarse soil still requires the largest quantity of water of 
any soil type, on average. On average, we expect irrigation in the second time period 
to be 14.72, 14.82, and 14.9 acre-in per acre for fine, medium, and coarse soil types 
respectively. 
 For the final time period in the low emissions scenario, between 2070 and 
2090, we found fine soil irrigation increased by 2.58 to 2.94 acre-in per acre; for 
medium soils, this increase in irrigation is between 2.21 to 2.57 acre-in per acre; and 
coarse soil irrigation increases by 0.96 to 1.34 acre-in per acre. On average, we 
expect irrigation in the third time period to be 15.44, 15.53, and 15.63 acre-in per 
acre for fine, medium, and coarse soil types respectively. This is consistent with our 
analysis, in which fine and medium soils tend to be the most responsive to 
precipitation changes. With precipitation declines expected in all scenario time 
periods, fine soils will be less advantageous for irrigators, at least in terms of 
precipitation efficacy. 
5.2 High Emission Scenario 
 The high emissions scenario models a future in which carbon emissions 
continue to increase and little inter-governmental effort toward climate 
sustainability is achieved. It assumes a world like we see today, with continually 
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increasing populations and fragmented, locally-driven economies. Starting at the 
same CO2 base as the low emission scenario, 40 Gt CO2 in the year 2000, it assumes 
the per annum increase by 2100 to reach 140 Gt CO2. This translates into an 800 
ppm concentration of CO2 in the atmosphere, roughly doubly the current estimates 
of atmospheric CO2 concentrations. The effects of this rapid increase on irrigation do 
not diverge greatly from the low emissions scenario until the second and third time 
period due to accumulating nature of CO2. 
 In the first time period (2021-2050), irrigation over fine soil increases 
between 1.7 and 1.75 acre-in per acre; irrigation over medium soil increases 
between 1.26 and 1.44 acre-in per acre; and irrigation over coarse soil increases 
between 0.01 and 0.2 acre-in per acre. Again, we see the same pattern emerge with 
fine soil types acting with greater responsiveness to the drop in precipitation. The 
average water use is 14.41, 14.49, and 14.58 acre-in per acre for fine, medium, and 
coarse soil respectively. 
 In the second time period (2041-2070), irrigation over fine soil increases 
between 2.56 and 2.99 acre-in per acre; irrigation over medium soil increases 
between 2.11 and 2.62 acre-in per acre; and irrigation over coarse soil increases 
between 0.86 and 1.39 acre-in per acre. The average water use is 15.46, 15.51, and 
15.61 acre-in per acre for fine, medium, and coarse soil respectively. 
In the third time period (2070-2090), irrigation over fine soil increases 
between 3.82 and 4.83 acre-in per acre; irrigation over medium soil increases 
between 3.38 and 4.39 acre-in per acre; and irrigation over coarse soil increases 
between 2.12 and 3.16 acre-in per acre. The average water use is 17.01, 17.03, and 
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17.12 acre-in per acre for fine, medium, and coarse soil respectively. By far, the high 
emission scenario in the final time period sees the greatest increase in irrigation 
demand of any other time period or scenario. 
5.3 Forecast Discussion 
Near the end of the century (2070-2090), the disparities between high and 
low emissions are at their highest. In the low-emissions scenario, irrigation demand 
is expected to increase on average by 2.68-2.76 acre-in per acre for fine soils; 2.24-
2.39 acre-in per acre for medium soils; and 0.99-1.15 acre-in per acre, for coarse 
soils. For the high emissions scenario, irrigation over fine soils is expected to 
increase on average by 3.83-4.33 acre-in per acre; irrigation over medium soil is 
expected to increase on average by 3.45-3.89 acre-in per acre; and irrigation over 
coarse soil is expected to increase on avergage by 2.19-2.64 acre-in per acre. In total, 
producers can expect to see their irrigation requirements increase on average by 
7.4% to 32.7% from current average levels by the end of the century. 
The actual outcome of these results may mean retiring farm acreage or 
switching to more drought tolerant crops. Irrigation pumping limits designed to 
limit the amount of irrigation water pumped are based off of a number of certified 
acres, which means the increased irrigation demands for corn can be met by 
planting less than the allocated certified irrigated acres and leaving them un-
irrigated, while irrigating fewer acres more intensively. Alternately, farmers may 
choose to switch crops, averting the high water requirements of corn in exchange 
for greater yields of a corn alternative. This future is entirely speculative and will 
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depend on the combination of crop prices and groundwater prices that maximize 
profit for producers.  
While we cannot predict the structural changes that may or may not occur in 
the near and more distant futures, one tangible conclusion is that irrigation demand 
will increase in every time period under all scenarios. The magnitude of that change 
will depend on a mixture of geopolitics and science, but for corn producers the 
future seems dependant on the availability of water. Additionally, these scenarios do 
not include substantive changes to the growing season because there was not 
consensus on temporospatial monthly climate changes. While we do account for 
more cooling degree-days between March and October, it is based entirely on the 
historical data used in the research and does not incorporate behavior shifts on the 
behalf of irrigators. Consequently, increases in irrigation demand may be even more 
severe than predicted from our model as longer growing seasons demand more 
water over a longer period of time. 
These forecasts also do not account for the realistic expectation that prices 
will change, both for corn and for fuel, and it assumes that producers never switch 
from growing corn. The irrigation demand forecast here is only if producers grow 
corn and do not switch crops. Additionally, the aquifer may decline, which would 
change the distance to groundwater and influence the results. Operation sizes may 
change over time, better crop strains may be introduced, etc. Despite these 
limitations, the results are important because they show how important the factor 
variable for soil type and precipitation can be, and how the power of that variable 
vastly diminishes as less rain falls over time, since all soil types experience the same 
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changes in cooling degree-days, but have different coefficients for precipitation. 
Coarse soil is always the least efficient soil type because it retains less water, but 
irrigators must make up for the lack of rainfall by irrigating more, thus the wells that 
water fields with fine soil, must make up for the loss of efficient rain by increasing 
irrigation by a greater percentage from their original average.
  
 
57
CHAPTER 6: CONCLUSIONS 
Agricultural productivity on the Great Plains is both resilient and vulnerable. 
Irrigation technology transformed marginal prairie into verdant fields, which the 
Ogallala aquifer made possible. With its seemingly unlimited supply of water, 
producers fought off limited rainfall and years of drought. As pumping water levels 
fell, the people working and living in the Republican River Basin began to see the 
effects of over a million irrigated acres had on their environment. The surface water, 
the water in the Republican River and its tributaries, is hydraulically connected to 
the groundwater in the aquifer and therefore decades of pumping began to lower 
the instream flow. This flow, protected legally through an interstate compact, is an 
ongoing source of contention between producers of the two states. The conflict over 
the Republican River Compact has its unintended benefits for the region as well, 
having resulted in years of monitoring and protecting the aquifer by treating it as a 
common resource to be regulated, not a mineral to be mined. 
This study used the data collected in the Upper Republican Natural Resource 
District to comprehensively evaluate groundwater-pumping decisions at an 
empirical level without typical aggregation techniques seen in similar studies at 
larger scales. Critical analysis of irrigation water demand that incorporates local 
heterogeneity in land characteristics and climate conditions is necessary for future 
water management in this region, particularly because of the rapid climate 
differences from east to west. Seasonal heterogeneity in climate and corn water 
requirements are also important factors in evaluating irrigation demand. 
Precipitation and cooling degree-days do not have a uniform effect between months 
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in a single year. Drought during the months of July and August have an almost 80 
percent larger effect than drought in June. Additionally, the marginal increase of 
cooling degree-days is lower in the peak summer months than in months like May 
and September, which are planting and harvesting months respectively. This implies 
that climate changes that make those months warmer will disproportionately 
impact groundwater use. 
Disaggregation requires detailed, high-resolution data, but also leads to 
detailed, high-resolution results. These results paint a more comprehensive picture 
than their aggregate counterparts, in part because they capture heterogeneity that is 
otherwise lost over time and space. Spatial disaggregation may not be particularly 
necessary for some analyses. For counties with spatially homogenous climate and 
weather, disaggregation may impose costly information burdens unnecessary for an 
irrigation and climate analysis. However, temporal disaggregation may still prove 
valuable, at least in temperate climates, which experience high seasonal variability. 
Crop requirements follow biological mechanisms that change the intraseasonal 
impact climate has on their water use. Disaggregate temporal methods better 
capture these effects and more precisely illustrate how changes between seasons 
will affect demand for irrigation. 
One major improvement to this model would be monthly, or daily, irrigation 
use data. Currently the districts in the Republican River Basin in Nebraska record 
only annual groundwater use data. Historically, the cost for the district to manually 
check water usage more frequently would have been prohibitively expensive. With 
better geographic information systems technology, the physical barriers to 
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recording this kind of data have dropped. One day the availability of monthly or 
daily water use data may be available and could easily be employed using the 
methodology in this study. 
If the URNRD plans to continue restricting groundwater use to meet their 
obligations under the Republican River Compact, understanding how much climate 
impacts irrigation demand may help them plan for future climate changes and adapt 
accordingly. The future of irrigation will increase water demand under all scenarios 
considered. It fails to take into account increases in population as well, which we 
assume will remain unchanged for this largely rural region. The URNRD must 
comply with both the legal and climate-based challenges it faces in the future, and in 
doing so, the landscape of the region will most likely change. The presence of the 
Ogallala engenders a strong mitigation factor against a warmer and dryer climate, 
but its future is tenuous in both the possibility for increased extraction and 
sustainability. 
By no understanding does this research present an entirely gloomy picture 
for Chase, Dundy, and Perkins counties. Their position over one of the largest 
freshwater aquifers in the world gives them a production advantage over their 
neighboring counties who do not experience such an advantage. However, if a cap 
on irrigation remains set at 13 acre-in per acre in the URNRD and irrigation demand 
increases to 15.5 acre-in per acre (i.e. a midrange estimate under the high-emissions 
scenario between 2041-2070 period for all soils), a producer with a typical 160 
certified acres would only be able to irrigate 134.3 of those acres and remain under 
his limit. This represents a decrease in irrigated acres of over 17%. The presence of 
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drought years would exacerbate this even more, and the mitigating effects of the 
Ogallala aquifer will be useless under current regulatory regimes. 
Policy makers will need to adapt and remain flexible in both the near and 
distant future. Conserving the aquifer is important for the continued irrigation of the 
region, but land use changes will need to occur without additional sources of 
irrigation water. Retiring certified acres and temporarily converting irrigated land 
to dryland already occurs in the region. The URNRD is in a good position from a 
management perspective to continue to respond to climate change in order to 
mitigate drastic production losses. Understanding these vulnerabilities using 
disaggregate data may help regions like the URNRD target vulnerable areas and 
reduce risk by a larger margin, because they can more precisely pinpoint when and 
where producers should expect to see the greatest increase in groundwater 
demand. The presence of more precise climate models and water use measurements 
in the area will increase the accuracy of the research presented in this thesis. This 
accuracy is important for individual producers who may wish to weigh their 
potential costs from climate at a field level to determine how their operation may be 
more or less affected by climate change than other operations in the region. 
The second Dust Bowl in the Great Plains is unlikely, given better land 
management policies and better farming practices. The Great Plains will need to 
adapt piecemeal to climate change as the future effects are unlikely to impact the 
region homogenously. Irrigation will continue to play an important role in 
Nebraska’s agricultural sector, but the number of irrigated acres, at least of corn, 
will likely decrease. Water use depends on a number of variables, but at the margin, 
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climate can substantially increase or decrease a producer’s total water use. In areas 
dependent on groundwater to make up for this climatic volatility, especially when 
groundwater is scarce, declining, or limited as is the case in the Republican River 
watershed, accumulations of fractions of inches per acre necessary to correct for 
climate volatility can add up to substantial increases in groundwater withdrawals.
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Figure A.1 Map of the Upper Republican Natural Resource District 
and surrounding area 
 Figure A.2 Cooling degree-day per day ArcGIS sample rendering for July 1996 
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Figure A.3 Monthly precipitation ArcGIS sample rendering for July 1996 
